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(§4)  Semiconductor  substrate  comprising  wafer  substrate  and  compound  semiconductor  layer. 
(§7)  A  semiconductor  substrate  including  a  top  epitaxial  Fig.2A 
compound  layer  comprising  :  a  single-crystalline  semiconductor 
wafer  substrate  (11);  a  strained  layer  superlattice  (SLS)  Ls 
structure  layer  (12)  having  a  lattice  constant  varying  from  that  of  ^j-'  |K  — 
the  wafer  substrate  (11)  to  that  of  the  top  compound  Y-~  V  —  
semiconductor  layer  (15)  and  formed  on  the  wafer  substrate  I  L3 
(11);  a  semiconductor  buffer  layer  (13)  having  the  same  lattice  / 
constant  as  that  of  the  top  compound  semiconductor  layer  (15)  I  ]  — 
and  formed  on  the  SLS  structure  layer  (12);  another  SLS  SLS  \  L 
structure  layer  (14)  forfiltering  dislocations  having  afixed  lattice  .  oj  \ 
constant  equal  to  that  of  the  top  semiconductor  layer  (15)  and  —  |  — 
formed  on  the  buffer  layer  (13);  and  the  top  semiconductor  —  J'" 
layer  (15)  formed  on  the  another  SLS  structure  layer  (14).  1  ~  =^J  1  —  1 
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Description 

SEMICONDUCTOR  SUBSTRATE  COMPRISING  WAFER  SUBSTRATE  AND  COMPOUND  SEMICONDUCTOR  LAYER 

I  ne  present  invention  relates  to  a  semiconductor 
substrate  for  a  production  of  semiconductor  transis- 
tor  devices  or  photonic  devices,  and  more  particu- 
larly,  to  a  compound  semiconductor  substrate 
comprising  a  single-crystalline  semiconductor  wafer 
substrate,  a  compound  semiconductor  epitaxial 
layer,  and  a  strained  layer  superlattice  (SLS)  struc- 
ture  layer  between  the  wafer  layer  and  the  epitaxial 
layer. 

Generally,  a  single-crystalline  wafer  of  a  binary 
compound  semiconductor,  such  as  GaAs  and  InP,  is 
used  as  a  substrate  for  epitaxial  growth  of  a 
compound  semiconductor  layer  thereon. 

For  the  epitaxial  growth  of  a  good  quality 
compound  semiconductor  layer  on  the  wafer  sub- 
strate,  it  is  necessary  to  coincide  the  lattice  constant 
of  the  compound  semiconductor  epitaxial  layer  with 
that  of  the  wafer  substrate,  which  considerably  limits 
the  composition  range  of  the  epitaxial  layer. 

Recently,  it  has  become  necessary  to  form  (grow) 
a  compound  semiconductor  layer  having  a  different 
lattice  constant  from  that  of  the  wafer  substrate  for 
semiconductor  lasers  having  a  relatively  short 
emission  wavelength.  On  the  other  hand,  proposals 
have  been  made  for  producing  GaAs  grown  on  Si 
(GaAs/Si)  substrates  corresponding  to  a  single-cry- 
stalline  GaAs  substrate,  enlarging  the  wafer  size, 
increasing  the  mechanical  strength  and  thermal 
conductivity,  and  reducing  costs,  compared  with  the 
single-crystalline  GaAs  substrate.  The  GaAs  has  a 
lattice  constant  larger  than  that  of  Si  by  about  4%. 

Where  such  a  compound  semiconductor  layer 
including  the  GaAs  layer  is  grown,  an  SLS  structure 
layer  is  integrated  as  a  buffer  between  the  substrate 
and  the  grown  layer,  for  the  following  reasons: 

(1)  The  SLS  buffer  layer  reduces  dislocations 
in  the  grown  compound  semiconductor  layer  by 
preventing  an  extension  of  threading  disloca- 
tions  from  the  substrate  into  the  compound 
semiconductor  layer,  due  to  the  strain  field  in 
the  SLS;  and 

(2)  The  SLS  buffer  layer  allows  the  epitaxial 
growth  of  the  compound  semiconductor  layer 
having  a  different  lattice  constant  from  that  of 
the  substrate  by  absorbing  a  lattice  mismatch 
without  generating  threading  dislocations,  due 
to  an  alternate  expansion  and  contraction  of 
strained  very  thin  layers  of  SLS. 

However,  SLS  buffer  layers  having  both  the 
satisfactory  effects  of  (1)  filtering  of  dislocations  and 
(2)  compensation  of  a  lattice  mismatch,  have  not  yet 
Deen  developed. 

Figures  1A,  1B  and  1C  are  fragmented  sectional 
/iews  of  trial  compound  semiconductor  substrate 
comprising  at  least  a  single-crystalline  compound 
semiconductor  wafer  substrate,  an  SLS  buffer  layer, 
and  an  epitaxial  compound  semiconductor  layer. 

In  these  drawings,  1  indicates  a  GaAs  (single-cry- 
stalline)  wafer  substrate  having  a  lattice  constant  as 
2  indicates  an  lnxGai-xP  graded  layer,  the  compo- 

nent  ratio  "x"  of  which  decreases  from  the  wafer 

substrate  side  upward,  3  indicates  an  SLS  structure 
layer  of  lno.24Gao.76P-lno76Gao24P,  and  4  indicates  an 

5  epitaxially  grown  lno3Gao.7P  layer  having  a  lattice 
constant  ae.  Reference  5  indicates  an  SLS  structure 
layer  having  a  lattice  constant  ai  approximate  to  that 
(as)  of  the  wafer  substrate  1,  6  indicates  an  SLS 
structure  layer  having  a  lattice  constant  a2  approxi- 

10  mate  to  that  (ae)  of  the  lno3Gao.7P  layer  4,  and  7 
indicates  generated  threading  dislocations.  Ref- 
erence  8  indicates  an  SLS  structure  layer  having  the 
same  lattice  constant  as  that  of  the  GaAs  wafer 
substrate,  and  9  indicates  an  epitaxially  grown  In  Ga 

15  P  layer  having  the  same  lattice  constant. 
In  the  first  compound  semiconductor  substrate 

shown  in  Fig.  1A,  the  lattice  Constance  as  of  the 
wafer  substrate  1  is  not  equal  to  the  lattice  constant 
ae  of  the  lno.3Gao.7P  layer  4  and  the  lnxGai-xP  graded 

20  layer  2  compensates  this  lattice  mismatch.  The  wafer 
substrate  1  has  a  dislocation  density  on  the  order  of 
~  104  cm-2,  and  the  graded  layer  2  has  a  dislocation 
density  on  the  order  of  ~108  cm-2,  since  disloca- 
tions  are  newly  generated  in  the  graded  layer  2.  The 

25  SLS  structure  layer  3  reduces  the  dislocations,  but 
the  dislocation  density  is  still  on  the  order  of  ~  106 
cm-2.  Since  dislocation  in  the  epitaxial  grown 
lno.3Gao.7P  layer  4  follow  the  dislocations  in  the  SLS 
structure  layer  3,  the  layer  4  has  a  dislocation  density 

30  on  the  order  of  ~  106  cm"2  Furthermore,  the 
compound  semiconductor  substrate  is  warped  to 
some  extent. 

In  the  second  compound  semiconductor  sub- 
strate  shown  in  Fig.  1B,  the  lattice  constants  have 

35  the  relationship  "ae  >  &z  >  ai  >  as  or  ae  <  a.z  <  ai 
<  as",  and  dislocations  are  unavoidably  newly 
generated  in  the  lower  SLS  structure  layer  5. 
Although  the  upper  SLS  structure  layer  6  reduces  a 
dislocation  density,  the  ln03GAo7P  layer  4  has  a 

40  dislocation  density  about  2  orders  higher  in  magni- 
tude  than  that  of  the  wafer  substrate  1.  In  this  case, 
warping  of  the  second  compound  semiconductor 
substrate  is  remarkably  reduced. 

In  the  third  compound  semiconductor  substrate 
45  shown  in  Fig.  1C,  since  the  SLS  structure  layer  8 

substantially  reduces  dislocations,  the  epitaxially 
grown  In  Ga  P  layer  9  has  a  remarkably  reduced 
dislocation  density.  Nevertheless,  the  lattice  con- 
stants  of  the  wafer  substrate  1  and  the  layers  8  and  9 

50  axe  the  same,  and  thus  the  SLS  structure  layer  8  has 
the  filtering  effect  but  no  compensation  effect. 

As  mentioned  above,  interposition  of  an  SLS 
structure  layer  or  combined  SLS  structure  layers 
between  the  wafer  substrate  and  the  epitaxial 

55  compound  semiconductor  layer  cannot  simulta- 
neously  attain  the  two  above  effects. 

Embodiments  of  the  present  invention  may  pro- 
vide  a  compound  semiconductor  substrate  including 
an  epitaxially  grown  compound  semiconductor  layer 

SO  having  a  different  lattice  constant  from  that  of  a 
single-crystalline  wafer  substrate,  and  a  low  disloca- 
tion  density. 

Embodiments  of  the  present  invention  may  also 
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improve  a  buffer  between  the  wafer  substrate  and 
the  epitaxial  compound  semiconductor  layer. 

According  to  the  present  invention  there  is 
provided  a  semiconductor  substrate  including  a  top 
epitaxial  compound  semiconductor  layer  compris- 
ing:  a  single-crystalline  semiconductor  wafer  sub- 
strate;  a  first  strained  layer  superlattice  (SLS) 
structure  layer  having  a  lattice  constant  varying  from 
that  of  the  wafer  substrate  to  that  of  the  top 
compound  semiconductor  layer,  and  formed  on  said 
wafer  substrate;  a  compound  semiconductor  buffer 
layer  having  the  same  lattice  constant  as  that  of  the 
top  compound  semiconductor  layer,  and  formed  on 
the  SLS  structure  layer;  a  second  SLS  structure 
layer  for  filtering  dislocations  having  a  fixed  lattice 
constant  equal  to  that  of  the  top  compound 
semiconductor  layer,  and  formed  on  the  buffer  layer; 
and  the  top  semiconductor  layer  formed  on  the 
second  SLS  structure  layer. 

The  wafer  substrate  may  be  composed  of  a 
compound  semiconductor  (e.g.,  GaAs,  InP)  or  of 
silicon  (Si). 

Embodiments  of:  the  present  invention  will  be 
described  below,  by  way  of  example  only,  with 
reference  to  the  accompanying  drawings,  in  which  : 

Figs.  1  A  to  1C  are  fragmented  sectional  views 
of  trial  semiconductor  substrates; 

Fig.  2A  is  a  fragmented  sectional  view  of  a 
compound  semiconductor  substrate  according 
to  the  present  invention; 

Fig.  2B  is  a  graph  of  lattice  constant  variation 
of  the  substrate  of  Fig.  2A; 

Fig.  2C  is  a  graph  of  composition  variation  of 
the  substrate  of  Fig.  2A; 

Fig.  3A  is  a  graph  of  lattice  constant  variation 
of  an  SLS  structure  layer  formed  on  a  wafer 
substrate; 

Fig.  3B  is  a  graph  of  composition  variation  of 
the  SLS  structure  layer  of  Fig.  3A;  and 

Fig.  4A  is  a  graph  of  lattice  constant  variation 
of  another  type  SLS  structure  layer  formed  on 
the  wafer  substrate; 

Fig.  4B  is  a  graph  of  composition  variation  of 
the  SLS  structure  layer  of  Fig.  4A; 

Fig.  5  is  a  partially  enlarged  sectional  view  of 
the  substrate  of  Fig.  2A. 

Fig.  6A  is  a  partially  enlarged  sectional  view  of 
the  substrate  of  Fig.  2A; 

Fig.  6B  is  a  graph  of  lattice  constant  of  the 
layers  of  Fig.  6A;  and 

Fig.  6C  is  a  graph  of  composition  variation  of 
the  layers  of  Fig.  6A. 

Referring  to  Figs.  2A,  2B  and  2C,  a  compound 
semiconductor  substrate  according  to  the  present 
invention  comprises  a  single-crystalline  semicon- 
ductor  wafer  substrate  1  1  ,  a  first  SLS  structure  layer 
12,  a  compound  semiconductor  buffer  layer  13,  a 
second  SLS  structure  layer  14,  and  a  top  compound 
semiconductor  epitaxial  layer  15. 

The  wafer  substrate  1  1  has  a  lattice  constant  as 
and  is  a  compound  semiconductor  (e.g.,  GaAs) 
wafer  or  a  silicon  (Si)  wafer.  The  top  epitaxial  layer  15 
has  a  desired  lattice  constant  ae  (e.g.,  for  a  desired 
emission  wavelength  of  a  semiconductor  laser)  and 
is  composed  of  a  binary,  ternary  or  quaternary  lll-V 

compound  semiconductor,  such  as  GaAs,  InGaP 
(e.g.,  ln0.25Gao.75P,lnP,  InGaAsP  and  InGaAlP). 

The  first  SLS  structure  layer  12  has  a  lattice 
constant  gradually  varying  from  the  "as"  of  the  wafer 

5  substrate  1  1  to  the  "ae"  of  the  top  epitaxial  layer  15, 
as  shown  in  Figs.  2B  and  3A. 

Where  the  lno.25Gao.75P  layer  15  is  epitaxially  grown 
above  the  GaAs  wafer  substrate  11,  the  SLS 
structure  layer  12  consists  of,  e.g.,  lnxGai-xP- 

10  lnyGai-yP  with  the  composition  ratios  "x"  and  "y" 
varying  from  0.63  to  0.38  and  from  0.37  to  0.12, 
respectively,  as  shown  in  Fig.  2C  and  3B.  Each  of  the 
InGaP  thin  layers  has  a  thickness  of  from  5  to  30  nm, 
preferably  20  nm.  The  periodic  number  of  the 

15  lnxGai-xP-lnyGAi-yP  SLS  is  from  10  to  50,  preferably 
30. 

As  shown  in  Figs.  4A  and  4B,  it  is  possible  to  form 
the  first  SLS  structure  layer  12,  the  lattice  constant 
of  which  varies  stepwise,  of  SLS  layers  12A,  12B,  ... 

20  having  different  lattice  constants  aw  ,  aA2  ,  ...  of,  e.g.: 

xl   1 - x l   yl   1 - y l  
25  In  0Gan  „ P - I n   -Ga..  „P  x2  l - x 2   y2  l - y 2  

30 

Where  the  lno.25Gao.75P  layer  15  is  epitaxially  grown 
above  the  GaAs  wafer  substrate  11,  the  SLS 
structure  layer  12  consists  of: 

35  a  15-period  GaP  (10  nm)-Gao.83ln0.i7P  (10  nm)  SLS 
layer  12A; 
a  15-period  Gao.91lno.09P  (10  nm)-Gao.7slno.25P  SLS 
layer  12B;  and 
a  15-period  Gao.91lno.09P  (10  nm)-Gao.67lno.33P  SLS 

40  layer  12C. 
The  first  SLS  structure  layer  12  changes  its  lattice 

constant  and  has  the  effects  whereby  strain  caused 
by  lattice  constant  variation  is  relieved  and  the 
upward  propagation  of  dislocations  is  suppressed. 

45  As  shown  in  Fig.  5,  the  strain  relief  is  attained  by 
introducing  small  dislocations  16,  and  a  threading 
dislocation  17  generated  in  the  layer  12  is  bent  to 
prevent  it  from  extending  to  the  surface  of  the  layer 
12. 

50  The  compound  semiconductor  buffer  layer  13  has 
a  lattice  constant  equal  to  the  "ae"  of  the  top  epitaxial 
layer  15,  is  epitaxially  grown  on  the  SLS  structure 
layer  13,  and  is  composed  of  a  binary,  ternary  or 
quaternary  lll-V  compound  semiconductor,  such  as 

55  GaAs,  InGaP  (e.g.,  lno.75GAo.75P),  GaAsP  (e.g., 
GaAso.5Po.5),  InP  and  InGaAsP.  The  buffer  layer  13 
has  a  thickness  of  0.1  to  3  urn,  preferably  from  0.3 
to  2  urn,  and  is  sufficiently  large  for  the  total 
thickness  of  the  SLS  structure  layers  12  and  14, 

60  since  the  buffer  layer  13  fixes  (stabilizes)  the  lattice 
constant  (ae)  changed  by  the  SLS  structure  layer  12, 
absorbs  residual  internal  stress,  and  serves  as  a 
substrate  having  the  lattice  constant  "ae"  for  the 
second  SLS  structure  layer  14.  Where  the 

65  lno.25Gao.75P  layer  15  is  epitaxially  grown  above  the 

3 
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GaAs  wafer  substrate  1  1  ,  preferably  the  GaAso.sPos 
buffer  layer  is  1  u.m  thick. 

The  second  SLS  structure  layer  14  (Figs.  2A  and 
6A)  has  a  fixed  lattice  constant  "ae"  equal  to  that  of 
top  epitaxial  layer  15,  as  shown  in  Figs.  2B  and  6B.  5 
Where  the  lno2sGao.75P  layer  15  is  epitaxially  grown, 
the  SLS  structure  layer  14  consists  of,  e.g., 
lnxGai-xP-lnyGai-yP  with  the  composition  ratios  "x" 
and  "y"  being  0.35  and  0.14,  respectively,  as  shown 
in  Figs.  2C  and  6C.  Each  of  the  InGaP  thin  layers  has  10 
a  thickness  of  5  to  30  nm,  preferably  15  nm,  and  the 
periodic  number  of  the  lnxGAi-xP-lnyGai-yP  SLS  is 
from  5  to  30,  preferably  10. 

When  the  strained  lattice  constant  of  a  SLS  is 
equal  to  that  of  the  substrate  (i.e.,  the  fixed  lattice  15 
constant  of  the  SLS  structure  layer  14  is  equal  to  that 
of  the  buffer  layer  13),  it  is  possible  to  prevent  a 
generation  of  new  dislocations  and  to  effectively 
reduce  (filter)  the  dislocation  density,  unless  the 
thickness  of  each  thin  layer  of  SLS  exceeds  a  certain  20 
critical  thickness.  Therefore,  the  SLS  structure  layer 
14  prevents  an  extension  of  threading  dislocations 
to  the  surface  of  the  layer  14. 

The  layers  12  to  15  are  formed  by  a  conventional 
metalorganic  chemical  vapor  deposition  (MOCVD)  25 
process  or  molecular  beam  epitaxy  (MBE)  process. 

A  GaAs/Si  substrate  with  SLS  can  be  composed 
of  a  Si  single-crystalline  silicon  wafer  1  1  ;  a  first  SLS 
structure  layer  12  of  a  40  period  GaAsi-xPx  (20 
nm)-GaAsi.yPy  (20  nm)  with  the  composition  ratios  30 
"x''  and  "y"  varying  from  0  to  0.8  and  from  0.2  to  1, 
respectively;  a  GaAs  buffer  layer  13  about  1  u.m 
thick:  a  second  SLS  structure  layer  14  of  a  15  period 
GaAsosPo2  (15  nm)-GaAs  (15  nm);  and  a  GaAs 
epitaxial  layer  15.  In  this  case,  it  is  possible  to  adopt  35 
lnxGai-xAs-GaAsi-yPy  SLS  for  the  SLS  structure  layer 
14. 

As  will  be  apparent  from  the  above,  the  combina- 
tion  of  the  first  SLS  structure  layer  for  compensating 
a  lattice  mismatch  and  a  relating  thick  compound  40 
semiconductor  buffer  layer  and  the  second  SLS 
structure  layer  for  filtering  dislocations,  attains  the 
top  compound  semiconductor  epitaxial  layer  having 
a  lattice  constant  different  from  that  of  the  wafer 
substrate  and  an  extremely  low  density  of  crystal  45 
defects,  i.e.,  low  dislocation  density.  Since  it  is 
possible  to  design  the  changing  of  lattice  constant 
and  inhibition  of  dislocation  propagation  individually, 
the  first  and  second  SLS  structures  can  be  op- 
timized  for  these  purposes,  respectively.  50 

It  will  be  obvious  that  the  present  invention  is  not 
restricted  to  the  above-mentioned  embodiments 
and  that  many  variations  are  possible  for  persons 
skilled  in  the  art  without  departing  from  the  scope  of 
the  invention.  55 

said  wafer  substrate  to  that  of  said  top 
semiconductor  layer  and  formed  on  said  wafer 
substrate; 
a  compound  semiconductor  buffer  layer  having 
the  same  lattice  constant  as  that  of  said  top 
semiconductor  layer  and  formed  on  said 
strained  layer  superlattice  structure  layer; 
a  second  strained  layer  superlattice  structure 
layer  for  filtering  dislocations  having  a  fixed 
lattice  constant  equal  to  that  of  said  top 
semiconductor  layer  and  formed  on  said  buffer 
layer;  and 
the  top  semiconductor  layer  formed  on  said 
second  strained  layer  superlattice  structure 
layer. 

2.  A  semiconductor  substrate  according  to 
claim  1,  wherein  said  wafer  substrate  is  com- 
posed  of  a  compound  semiconductor. 

3.  A  semiconductor  substrate  according  to 
claim  2,  wherein  said  compound  semiconductor 
is  GaAs. 

4.  A  semiconductor  substrate  according  to 
claim  1,  wherein  said  wafer  substrate  is  com- 
posed  of  silicon. 

5.  A  semiconductor  substrate  according  to 
claim  4,  wherein  said  top  semiconductor  layer  is 
composed  of  GaAs. 

6.  A  semiconductor  substrate  according  to 
any  preceding  claim,  wherein  the  lattice  con- 
stant  of  said  first  strained  layer  superlattice 
structure  layer  varies  continuously. 

7.  A  semiconductor  substrate  according  to 
any  of  claims  1  to  5,  wherein  the  lattice  constant 
of  said  first  strained  layer  superlattice  structure 
layer  varies  stepwise. 

8.  A  semiconductor  substrate  according  to 
any  preceding  claim,  wherein  each  of  layers  of 
said  strained  layer  superlattice  structure  layer 
has  a  thickness  of  from  5  to  30  nm. 

9.  A  semiconductor  substrate  according  to 
any  preceding  claim,  wherein  said  buffer  layer 
hasathicknessoffromO.1  to  3  urn. 

Claims 

1.  A  semiconductor  substrate  including  a  top 
epitaxial  semiconductor  layer  comprising  : 
a  single-crystalline  semiconductor  wafer  sub- 
strate; 
a  first  strained  layer  superlattice  structure  layer 
having  a  lattice  constant  varying  from  that  of 
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